Lithium niobate (LN) is the workhorse for modern optoelectronics industry and nonlinear optics. High quality (Q) factor LN microresonators are promising candidates for applications in optical communications, quantum photonics, and sensing. However, the phase-matching requirement of traditional evanescent coupling methods poses significant challenges to achieve high coupling efficiencies of the pump and signal light simultaneously, ultimately limiting the practical usefulness of these high Q factor LN resonators. Here, for the first time, to the best of our knowledge, we demonstrate deformed chaotic LN microcavities that feature directional emission patterns and high Q factors simultaneously. The chaotic LN microdisks are created using conventional semiconductor fabrication processes, with measured Q factors exceeding 10 6 in the telecommunication band. We show that our devices can be free-space-coupled with high efficiency by leveraging directional emission from the asymmetric cavity. Using this broadband approach, we demonstrate a 58-fold enhancement of free-space collection efficiency of a second harmonic generation signal, compared with a circular microdisk. Single-crystal lithium niobate (LiNbO 3 , LN) [1] is an important material for optical communications and various linear and nonlinear optical applications, thanks to its high second-order susceptibilities [χ 2 ], wide transmission window, and relatively high ordinary and extraordinary refractive indices (n o 2.21, n e 2.14). Its nonlinear coefficients for second-harmonic generation (SHG, d 33 41.7 pm∕V) and electro-optic modulation (r 33 30.9 pm∕V) are high, compared with other commonly used χ 2 materials. Microresonators, which manifest excellent light confinement in a small volume for a long time via total internal reflection, can greatly enhance the interaction between light and matter [2] [3] [4] . Combining the excellent physical properties of LN and the tremendous light field enhancement in microresonators, many demonstrations on high-Q LN microresonators have recently been reported, showing great promise for efficient nonlinear optical processes on chip [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, such systems typically suffer from a small coupling bandwidth due to the momentum mismatch between the resonator and the coupling fiber or prism [17] [18] [19] , while the pump and signal wavelength in nonlinear processes are often dramatically different [20] . This key obstacle has become a major limitation for these high-Q factor LN resonators.
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In this Letter, we design a chaotic LN microcavity that supports high-Q factor and directional emission at the same time, allowing for significantly more efficient coupling of pump and signal light in SHG process simultaneously. The deformed microdisk is fabricated by standard semiconductor fabrication process, which features Q factors exceeding 10 6 and supports efficient free-space coupling. The property of directional emission is verified by measuring the free-space coupling efficiency with different coupling angles. Using the deformed LN microcavity, we show nearly two orders of magnitude enhancement in SHG collection efficiency, compared with a circular LN cavity.
The geometric profile of the deformed microcavities is defined by an angle-dependent radius, Rϕ R 0 P n 1 a n cos ϕ n , where ϕ represents the polar angle, R 0 is a size parameter, and a n are shape parameters with fixed numbers (a 2 −0.0045, a 3 −0.0305, a 4 −0.0273, a 5 0.0314, and a 6 −0.0381).
The deformed microdisk resonators are fabricated on an LN-silica-silicon wafer prepared using ion slicing and wafer bonding techniques (NANOLN). The thicknesses of the LN device layer (z-cut), the sacrificial silica layer, and the silicon substrate are 0.5, 2, and 500 μm, respectively. The fabrication processes [21] are schematically illustrated in Fig. 1(a) , which involves six major steps: UV-lithography, Ar plasma etching, first HF etching, XeF 2 etching, and second HF etching. First, a layer of photoresist (S1818, red layer) is prepared on the LN sample by a spin-coating method and patterned by UVlithography. The designed deformed disk shape is transferred from a photomask prepared by electron beam lithography to the photoresist pads on top of the LN sample. Then the LN device layer (orange layer) is etched by Ar plasma in a reactive ion beam etching system. The photoresist serves as the etching mask and ratio of the etching rate of the LN film, and the photoresist is about 1∶4. With a thickness of ∼2.5 μm, the photoresist pads protect the LN film underneath well during the entire plasma etching process. The finely polished top surface of the LN film is maintained, while the exposed part of a 500 nm thick LN layer is totally removed by the Ar plasma. After the residual photoresist is removed using acetone, buffered HF is employed to undercut the silica layer (blue layer) from the edge of the LN disk. The etch rate of LN in buffered HF is very slow, which does not affect the roughness of the disk. Then XeF 2 gas is utilized to etch the silicon substrate (grey layer) and form the supporting pillar. Finally, a second HF wet etching is used to remove the silica layer remaining underneath the LN disk, except for the pillar region in the middle. We find that our fabrication process is capable of transferring our designed disk shape to the final device with high fidelity, thus ensuring the realization of chaos-assisted coupling.
The optical microscope images of a typical fabricated deformed microdisk are shown in Figs. 1(b) and 1(c), with an R 0 of 50 μm. The boundary shape of the deformed microdisk is in good agreement with the design. The brighter part in the center reveals the area of the silicon pillar. The inner black circle corresponds to the edge of the silica layer. In the side view image [ Fig. 1(c) ], the LN disk is more than 20 μm higher than the remaining silicon substrate, avoiding light leaking into the substrate when coupling with a free-space beam.
We use the Poincaré surface of section (SOS) to illustrate the ray dynamics of light in the designed microdisk profile [ Fig. 2(a) ] [22] [23] [24] [25] [26] [27] [28] . Here the Birkhoff coordinates sin χ and ϕ are used, where χ denotes the incident angle and ϕ the angular position of a reflection point of a random ray [inset of Fig. 2(a) ] [28] . The SOS provides an intuitive picture of the angular momentum (sin χ) of light when traveling at different locations of the resonator. In the SOS, ray trajectories are mostly chaotic (gray dots), except for some regular structures (black dots), including islands and Kolmogorov-Arnold-Moser curves. In ray dynamic theory, these two kinds of structures are disjointed with each other. However, in wave optics, the high-Q whispering gallery modes (WGMs) located in the top regular structures can interact with the chaotic modes inside the chaotic sea through dynamical tunneling. Subsequently, the chaotic rays would converge to the manifolds of period-5 unstable orbits (blue diamonds) [20, 23] . They decline along the manifolds (red dots) rapidly in the SOS until reaching the internal refractive critical line (red dashed line) and being refracted outside the cavity. With proper design of the cavity boundary, the escape events mainly occur around the two crossing points at ϕ ∼ π∕2 and 3π∕2 (marked by black dashed circle). It is noted that Fig. 2(a) only displays rays with positive sin χ, corresponding to counterclockwise modes. In comparison, for a circular microdisk cavity, the SOS only contains straight lines that correspond to WGM modes [23] .
The far-field emission pattern of the fundamental WGM is numerically simulated by the boundary element method [ Fig. 2(b) ] [29, 30] . There are three emission peaks. The main one (red curve) at a far-field angle θ ∼ 180°corresponds to the escaping point around ϕ ∼ π∕2 in Fig. 2(a) . The peak has a full width at half-maximum (FWHM) of ∼19°, labeled by the red Gaussian envelope in Fig. 2(b) . One of the secondary peaks at θ ∼ 0°corresponds to the escaping point around ϕ ∼ 3π∕2. The other secondary peak corresponds to the escaping point of the clockwise mode which is not shown in Fig. 2(a) . Note that the wave simulation result has some differences with the ray dynamics prediction and is more accurate. The inset of Fig. 2(b) shows the intracavity and near-field power distribution of the fundamental mode. The field intensity outside the cavity is magnified by 10 5 times, compared with the intracavity intensity to illustrate the emission direction. Emission along far-field directions θ ∼ 180°and 0°can be clearly seen, corresponding to cavity boundary angles ϕ ∼ π∕2 and 3π∕2, respectively. In addition, the simulated Q factor of the fundamental mode in this deformed microcavity with a small R 0 ∼ 11 μm exceeds 10 7 (limited by radiation loss).
The deformed LN microdisks are characterized in the telecommunication wavelength (∼1550 nm) band by utilizing a free-space optical coupling system. The probe laser is launched from a tunable diode laser source (TLB-6328, New Focus), which then passes through a polarization controller and a fiber collimator. A long-working-distance objective lens focuses the probe beam onto the edge of the deformed microdisk from 180°far-field direction, which is the reverse of the preferential emission direction. The diameter of the waist of the focusing beam is about 3 μm. Another objective lens is used to collect the transmitted light in the 0°far-field direction. The collected light is measured by a photoreceiver (Newport, 1811-FC) connected to an oscilloscope (YOKOGAWA, DLM2034). We place the LN sample on a three-dimensional translation stage which can be rotated to focus the pump laser on different positions of the cavity periphery.
By scanning the probe laser wavelength, a transmission spectrum from 1545 to 1555 nm of the free-space-coupled deformed microdisk can be obtained [ Fig. 3(a) ]. Compared with the typical transmission spectra obtained from fibertaper-coupled circular microcavities [5] [6] [7] [8] [9] [10] [11] , many more modes with different linewidths are observed here. Due to the dynamic tunneling, from neighboring chaotic orbits to WGMlike orbits, a strict phase-matching condition for coupling is no longer needed. In the free-space beam-coupled transmission spectrum, most modes show Fano-like line shapes instead of standard Lorentzian line shapes, because of the strong interference between different modes [27, 31] . Figure 3(b) shows zoom-in views of spectral ranges I and II indicated by the gray shadows in Fig. 3(a) . The modes belonging to the same mode families are indicated by shadows with the same color. The free spectral ranges (FSRs) of the mode families A and B are ∼4.3 nm, which agrees well with the numerical simulation result of an LN resonator with the actual device dimensions. The modes I-A and II-A [ Fig. 3(c) ] are efficiently excited with Q factors on the order of 10 5 . The high-Q mode II-B around 1551.4 nm [ Fig. 3(c) ] is fitted by the Lorentzian line shape (red curve). The Q factor is found to be 1.5 × 10 6 , which is mainly limited by surface scattering.
To further study the emission property of the deformed LN microdisk, we couple the free-space beam to the microdisk at different coupling angles φ. Thanks to the reciprocity of light, the primary emission direction is also the easiest direction for the probe light to couple in. As the inverse process of directional emission, the rays first refract into the SOS near the critical line, then diffuse into the upper chaotic region and, finally, excite the high-Q WGMs through dynamical tunneling. We record the transmission dip values (left inset of Fig. 4) , which approximately characterize the coupling efficiency [32] , of the target mode with Q ∼ 10 6 for different coupling angles φ. It is found that the coupling efficiency strongly depends on the coupling angle (Fig. 4) . At φ ∼ 0°and 180°, the dip value approaches the maximum. The coupling efficiencies at other φ values are much lower. There is no observable high-Q mode in the transmission spectrum when φ varies around 90°and 270°. This agrees well with the theoretical design in which the highly directional emissions are mainly along θ ∼ 0°and 180°(ϕ ∼ π∕2 and 3π∕2). Considering the whole coupling process including both excitation and collection, the obtained dip values of φ ∼ 0°and 180°are similar. Figure 5 shows that SHG signals can be much more efficiently collected using the deformed microcavity, compared with a circular microdisk. We use a spectrometer (DU971N-UV, Andor) to monitor the output SHG signal near 775 nm while pumping at ∼1550 nm. Under the same pump power ∼5 mW, the free-space-coupled SHG signal power from the Fig. 5(d) ], which is in agreement with the property of second-order nonlinear process. Note we did not optimize the phase matching of the nonlinear process; therefore, the overall conversion efficiency is relatively low currently. Combining phase-matching techniques with our deformed cavities, simultaneously high conversion and collection efficiencies can be achieved in the future.
In summary, we have designed and characterized a deformed LN microcavity which simultaneously supports high-Q factor and directional emission properties. We measure Q factors exceeding 10 6 and realize efficient free-space coupling. The cavity coupling strength is strongly dependent on the coupling angle of free-space beam, which leads to a 58-time enhancement of the collected SHG power, compared with a circular microdisk. 
